A method is described for assessing the possible size of a protein from its amino acid composition. This method is then used to re-examine published data and to estimate the sizes of the proteins in the particles of various plants viruses. Some of the results obtained agree with the published reports, others do not.
INTRODUCTION
The problem. The particles of each plant virus are usually all of one architectural type, and the protein subunits of these particles are usually a single type of protein.
The proteins of different viruses usually have different amino acid compositions, but different estimates of the composition of the protein of any one virus usually agree closely, and if the viruses are classified by their amino acid composition ( Fig. 3 and 4 of the review by Gibbs (I969)), a classification is obtained in which the groupings are similar to those obtained by classifying the same viruses in terms of other properties such as nucleic acid composition, particle morphology, vector type, etc. By contrast, reports on the sizes of these proteins may vary widely, and if the viruses are classified according to these sizes (Fig. I) , the usual groupings are not obtained. This discrepancy is difficult to understand as the sizes of these proteins are mostly derived from determinations of their amino acid composition; the minimum integral number of amino acid residues in the protein is calculated from its composition, and other tests are made to check whether the protein contains one or more times this minimum number.
Because of the discrepancy between the classifications based on protein composition and size, we have re-examined current methods for calculating the size of a protein from its composition. We describe here an alternative method which has some advantages over others, including that described by Ozawa & Tanaka (I968) . We have used this method to examine published data on the proteins of plant virus particles, and find that some of the results given by our method agree with those previously published, others do not. The general problem of estimating molecular composition to satisfy integral values was considered by Hammersley (195o) .
Protein size estimation. In the most widely used method for estimating the minimum integral number of amino acid residues in a protein, the amino acid composition of the protein is estimated, and from this the relative number of residues of each amino acid is calculated. These estimates are then multiplied by a series of factors, chosen so that the relative number of residues of, usually, the least abundant amino acid (the 'key' amino acid) is converted in turn to integers between x and, say 5-The most suitable factor is judged to be that which converts the relative numbers of all the amino acids most nearly into integers, and this is used to calculate the most likely minimum integral number of residues. The fault of this method is that it takes no account of statistical errors and assumes that the relative amount of the 'key' amino acid is known with absolute accuracy, whereas errors are possible when estimating every amino acid, including the 'key' amino acid. Obviously, the Reichmann (1964) ; 7. Tremaine (1966) ; 8. Mazzone, Incardona & Kaesherg (1962) ; 9. Tremaine & Stace-Smith (I968). size of a protein would be estimated more accurately if the amount of every amino acid, weighted according to its associated error, was used in the calculation. Ideally, the error associated with each amino acid would be estimated separately and used in the calculation, but, as will be shown below, at least 6 to IO independent analyses of protein composition are needed to assess accurately the errors for individual amino acids, and this is not always possible.
Statistical errors in estimating amino acid composition. For general use and, as in this paper, when using the results of amino acid analyses with unknown errors, it would be most useful if one could generalise about the errors involved. It is likely, for instance that the error in the estimation of each amino acid was related to its amount in the protein. To examine this and other possibilities, data on analyses of I 2 different proteins (Table I) were tested statistically to determine whether the mean and standard deviations of the estimates of their amino acid composition fitted one of the equations:
Standard deviation = a + b x mean Standard deviation = b x mean Standard deviation = a + b x mean + c x mean 2 where a, b and e are constants. 
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The results for equations (I) and (2) are given in Table I ; the constant c of equation (3) did not contribute significantly to fitting the data of any of the analyses. The i2 sets of data gave lines that best fitted the linear equations in three ways: (i) for four proteins a differed significantly from zero and the line did not pass through the origin, and for two of these proteins b also differed significantly from zero and standard deviations changed with mean; (ii) for four proteins b differed significantly from zero, but a did not and standard deviation increased proportionally with mean; (iii) for four proteins neither a nor b differed significantly from zero.
These differences could be the result of differences between the proteins being analysed but seem not to be related to the analyser as three of the proteins giving different relationships between mean and standard deviation were analysed by one group (Kalmakoff & Tremaine, I967; Tremaine, 1966; Tremaine & Stace-Smith, 1968) . It is, however, noticeable that in the earliest analyses both a and b differed significantly from zero, but only b in the most recent.
The data from which Table I was calculated, were also examined for evidence of the relative precision with which individual amino acids were estimated; the sign and amount by which individual amino acids deviated from the fitted lines was recorded. The proportion of deviates that were negative for different amino acids was not greater than would be expected by chance (X 2 = 13"3 with 17 degrees of freedom). The estimates of alanine, glutamic acid and valine were less variable than average, whereas the estimates of arginine, methionine and tyrosine were more variable than average.
These results suggest that the most useful generalization is that the error in the estimates of the amount of each amino acid is proportional to the amount of that amino acid in the protein (equation (2) and condition (ii)). The computer programme (FITMOL) described in this paper is based on this generalization and has a statistical basis that is suitable for at least half the analyses whose results were used in the calculations for Table I . For the others, FITMOL is no less suitable than alternative methods.
The errors associated with each amino acid could be used individually. However, these errors must be estimated from several independent analyses of the protein because the variance of the mean ofn estimates is distributed as ~r2/n (X2/(n-I)) with n -~ degrees of freedom, so that the reliability of the estimate of the variance is poor for small n. With o'2/n = I, estimates of o'2/n at various percentiles are Unless individual errors are calculated from at least six replicate analyses, or there are other good reasons for differential weighting, it appears that equation (2) is acceptable and that a method such as FITMOL may be used.
METHODS
The FITMOL program, which can be obtained from us, written in CDC or ASA Fortran IV, evaluates how well a given amino acid composition fits each 'protein' (to an integral number of each amino acid residue) within a stipulated size range. From the amino a.J. GIBBS AND G. A. MCINTYRE acid composition an 'integer deviate index' (IDI) is calculated for every protein size within the stipulated range. The IDI is defined as:
C \¢( "~= 1 (M x X~-(the neareStx~integer to M × X~))2)_ (4)
where X~ is the proportional molar amount of the ith of N amino acids and M is the protein In the centre columns are the acronyms of the viruses arranged in the order of the reported sizes of their protein subunits; PVX(a), potato virus X (Tremaine & Goldsack, ]968); WCMV, white clover and mosaic virus (Miki & Knight, 1967) ; PVS, potato virus S (Tremaine & Goldsack, 1968 ); TMV(a) and (b) tobacco mosaic virus, ribgrass and type strains (Fraenkel-Conrat, I968); TCV, turnip crinkle virus (Symons et al. 1963) ; SoMV, sowbane mosaic virus (Kado, 1967) (Tremainc, 1966) ; CuMV, cucumber mosaic virus (van Regenmortel, 1967) ; AMV, alfalfa mosaic virus (Hull et al. ] 969); TNV, tobacco necrosis virus ; CaRSV, carnation ring spot virus (Kalmakoff & Tremaine, 1967) ; SV, satellite virus (Reichmarm, I964); CaMV, CuNV, TBSV, carnation mottle, cucumber necrosis and tomato bushy stunt viruses (Tremaine & Goldsack, I968) ; PVX(c) (Shaw & Larson, 1962) ;
On the left is a dendrogram representing a classification of the viruses computed from the sizes of their protein subunits by the 'Class' programme of Lance & Williams (I967); non-metric coefficient of similarity; flexible sorting (fl = -o'25). Horizontal scale gives the computed measure of dissimilarity.
On the right are groupings of these viruses based on a wide range of their properties (Gibbs, 1969 Size and composition of plant virus protein 55 to the sum; in FITMOL C = o-I. When, as sometimes happens, the sum of the nearest integers to M x X~ does not equal M but is for example M-I, then the program identifies which amino acid can be increased by one residue with the least increment to the IDI. Similarly, if the sum of nearest integers is M+ I the same method is used to determine which amino acid to decrease by one. X~ is used as the term in the denominator in equation (4), so that as M increases, IDI oscillates about a constant mean, whereas if M x Xi had been used the mean IDI would decrease asymptotically to zero.
When using FITMOL to search for the fundamental size of the protein, the lower limit of M is usually set so that at that limit the least abundant amino acid would be present as 0.85 residues, i.e. 85 x the molar percentage of the least abundant amino acid, and the upper limit at about five or six times this.
The classification illustrated by the dendrogram in Fig. ~ was computed by the 'Class' program of Lance & Williams (I967); Willams, Lambert & Lance, 0966).
RESULTS

Trial data
The way in which different amino acids contribute to the IDI is illustrated in Fig. 2 , which shows the IDI values over a small range of M for a hypothetical protein with five different amino acids and a total of 23 residues.
At each value of M the total IDI is the sum of the contributions of the five amino acids. In general, in a protein with Xresidues, the minima for an amino acid with p-residues will be at multiples of X/p. For example, in Fig. 2 , the amino acid with two residues (X~ = p/X = 2/23) will contribute minimally at o, 11.5, 23, 34"5 and 46, since at these trial values of M the values of M x X~ are exactly, o, I, z, 3 and 4, and the deviate from the nearest integer is nil.
The maxima occur midway between the minima and have ordinates proportional to I/pL
The IDI values given in Fig. z lie on cusps formed by segments of second degree parabolas.
Errors in the estimation of amino acids may obscure the true minima. If (Fig. 2) , the amino acids present as two and three residues had been estimated experimentally to constitute (z. I)/23 and (2.9),/23, of the protein respectively, the IDI at a protein size of 36 would be less than that at 23 and a false estimate of the size of the protein would be obtained. At successive multiples of the fundamental size the interference between contributions to the IDI by inaccurately estimated amino acids with small numbersof residues increases, so that there is a diminishing range between maxima and minima IDI as M increases.
The limitations and sensitivity of FITMOL were examined with data which approximate more closely to real proteins. A hypothetical protein with the 18 different amino acids present as I, I, 2, 2, 3, 4, 6, 6, 7, 7, Io, I I, I I, I4, 15, 17, 18, 22, (total 157 ) residues, was used in the following tests:
(1) The accuracy with which the relative molar compositions (3 decimal places) was supplied to FITMOL was varied by adding random error with either 3 or t o ~ coefficient of variation. Fig. 3 shows that the minimum found by FITMOL was close to the actual protein size even when IO ~ error had been added, though it was closer with the more 'accurate' data. The ratio of the maximum to minimum IDI was much greater with the ' accurate' data than with the ' inaccurate' and, furthermore, the ' accurate' data, but not the 'inaccurate', gave a harmonic IDI minimum at twice the actual size of the protein.
(z) The relative amounts of different amino acids in the hypothetical protein (157 amino acids residues, 3 ~ random error, 3 decimal places) were altered systematically. Fig. 4 :shows the results of a FITMOL analysis of a protein which has two amino acids present as single residues (line A), and similar analyses of the protein altered so that the least abundant amino acid is represented by either one, two, three, four or five residues (lines B, C, D, E, and F respectively). There is a distinct minimum IDI near the size of the protein only when at least one amino acid is represented by one or two residues. These results suggest how FITMOL analyses may be evaluated qualitatively. When there is a large consistent ratio in the maximum to minimum IDls over a range of protein sizes, and when there are clear harmonics in IDIs at regular intervals, it is likely that the amino acid composition being tested has been accurately determined, and that the protein perhaps contains one or more amino acids present as single residues. However, when there is a small and diminishing ratio of the maximum to minimum IDI and the minima are at irregular intervals, the results must be interpreted with caution. Fig. 3 -FITMOL analysis of test data for hypothetical protein with I57 amino acid residues. Before analysis random error with 3 ~ coefficient of variation (duplicate sets of data shown by unbroken lines) or IO ~ coefficient of variation (broken lines) was added to the data.
Proteins from plant virus particles (a) Viruses with rod-shaped or filamentous particles. Tobacco mosaic virus [cryptogram-~:
R/I : 2/5: E/E: S/*] is the best studied of these. All reports agree that the protein subunits of most strains of this virus contain 158 amino acid residues. Fig. 5 shows the results of FITMOL analyses of data on the composition of the protein subunits of some strains reported by Rees & Short (1965) and Paul et al. (1965) . These analyses agree completely with the pub- cysteine and tryptophan). However, FITMOL analyses of the data give minimum IDI at I9o-I95 amino acid residues (Table 2) .
Offord & Harris (I965) analysed the proteins of two European isolates of the virus and reported that both contain 2~8 residues/subunit including 1 cysteine and 2 tryptophan residues/subunit. (Table 2) .
Potato virus X [R/I: */6: E/E: S/(Fu)] has been studied by many workers. Reports on the size of its subunits illustrate clearly how different conclusions can be drawn from similar, or even the same, data. Shaw & Larson (I962) calculated from their results that the subunits contain 4oz amino acid residues. Shaw, Reichmann & Hart (I962) reported the results of further analyses and calculated that the subunits contain 463 residues, basing this on the composition of the protein and on its sedimentation coefficient in 2 M-guanidine; it is now I  I  I  1 O0 200 300 400 Protein size tested (amino acid residues/subunit) In Fig. 5 to 8, the IDI maxima are truncated (broken lines) and the maximum IDI values are indicated. known that the latter may not completely dissociate the subunits. Tremaine & Goldsack (I968) re-examined the data of Shaw et al. (1962) and calculated that the subunits contain Io3 residues. Miki & Knight (I968) made a detailed analysis of the protein and calculated that the minimum integral number of amino acid residues in each subunit is about Io5, but concluded from tryptic peptide and N-terminal amino acid analyses, that each subunit contains twice the minimum number of amino acid residues. Fig. 6 shows FITMOL analyses of all these sets of data. All sets of data give an IDI minimum at IO3 to IO7 residues and another between 2Io and 238 residues, and all give further minima between either 32o and 360 residues or 4~o and 48o residues. The average of the minima near 2oo residues given by all four sets of data is about 225 residues, which is close to the size of 2IO residues reported by Miki & Knight (I968) , and 2~ 5 residues calculated from X-ray diffraction data by Wilson & Tollin (I969) .
White clover mosaic virus [R/I: */5: E/E: S/(Ap)], which is serologically related to potato virus X, has also been analysed by Miki & Knight (I967) , who calculated that its protein subunits contain I33 amino acid residues. FITMOL analysis of their data gives no minimum IDI at I33 residues (Table 2) . 1" Agreement between published size and principal IDI minimum: + + + = :t=2 residues; + + = i lo residues; 4-= -t=25 residues; -= no agreement.
:~ No published estimate of size.
(b) Viruses with isometric particles. Turnip yellow mosaic virus [R/I : I. 9/37: S/S : S/C1] is perhaps the best studied of these. Symons et al. (1963) studied six strains of the virus and reported that their subunits contain 187 to I9O amino acid residues. Harris & Hindley (1965) confirmed this and estimated by various methods that the subunits contain 189-I91 residues. FITMOL analysis of Harris & Hindley's data agrees exactly with their conclusions (Table 2) . Symons et al. (1963) (Table 2) agrees with their conclusions of subunits with [77 amino acids residues. also analysed the proteins in the particles of tomato ringspot virus (*/*: */4t: S/S: S/Ne], and calculated that the subunits contain 2[7 residues. However, FITMOL analysis of the data shows only a slight minimum in the IDI at 2[ 7 residues but much more pronounced minima at 86, [7z and 255 residues per subunit. FITMOL analyses show that it is likely that these two closely related viruses will have similarly sized protein subunits of around [75 amino acid residues. *] and brome mosaic virus itself. The IDI minima found by FITMOL analyses of the data on these viruses are all at slightly larger protein sizes than those reported (Fig. 7 , Table 2 ).
Cucumber mosaic virus [R/x: I/IS: S/S: S/Ap] and alfalfa mosaic virus [R/x: ] .3/18: U/U: S/Ap] are aphid transmitted viruses whose particles share some properties with those of viruses of the brome mosaic virus group, though their subunits are reported to be much larger. Van Regenmortel 0967) reported that the subunits of cucumber mosaic virus contain 287 residues, and Hull, Rees & Short 0969) reported that the subunits of alfalfa mosaic virus contain a97 residues; FITMOL analyses of their data agree with their conclusions (Table 2) .
Pea enation mosaic virus [R/[ : I. 3[z 7 : S/S: S/Ap] shows no clear affinities to other viruses whose particles have been chemically analysed. Shepherd, Wakeman & Ghabrial (~968) analysed the protein in its particles, and calculated that each subunit contains I89 amino (Reichmann et al. 196z ), (c) 372 residues (Reichmann, [ 964) . The reported size of the protein estimated in polyacrylamide gel electrophoresis experiments; (d) 17o-[8o residues , (e) ZlO to 270 residues (Roy et al. [969) . acid residues; however, FITMOL analysis of the data does not unequivocally agree with their conclusions, for although there is a minimum IDI at ~98 residues, there are more pronounced minima at 86, 157, 280 and 355 residues. The remaining viruses to be discussed are those with rounded isometric particles containing about 2o % nucleic acid, and stable in concentrated salt solutions. These viruses have many common properties (Gibbs, I969) but it is not clear how closely they are related. (Table 2) , whereas the FITMOL analysis and size reported for tomato bushy stunt virus protein disagree (Table 2) . However, the most interesting of these FITMOL analyses are those of the data for tobacco necrosis and satellite viruses, for they show how FITMOL analyses can be useful for assessing and comparing conflicting reports:
(i) Although satellite virus has been much studied, the size of the protein in its particles is uncertain. The sizes reported for this protein together with F ITMOL analyses of the reported amino acid composition of the protein are shown in Fig. 8 . Reichmann et al. (I962) reported that chemical analyses showed the protein to contain about 240 amino acid residues, but further chemical analyses (Reichmann, I964) indicated 372 residues. The FITMOL analysis of the composition reported by Reichmann shows IDI minima at I31,240 and 374 residues (Fig. 8) . Uyemoto & Grogan (1969) also made chemical analyses of the protein and calculated that it contained 2o 9 residues. FITMOL analysis of their data gives IDI minima at I77, 274 and 379 residues ( Fig. 8) and their tryptic peptide analysis (29 peptides) and amino acid composition suggest that the protein has only I69 to 173 amino acid residues.
The most recent report of chemical analyses is that of Rees, Short & Kassanis (I97O), who estimated that the protein in the particles of the SV I strain of the virus contains 2o8 residues and that of the SV 2 strain 207 residues. FITMOL analyses of their results give for the SV I strain an exceptionally clear minimum IDI at 2o8 and 413 residues and, for the SV2 strain, less clear minima at 219, 279 and 5o2 residues (Fig. 8) .
The size of the protein has also been estimated by the polyacrylamide gel electrophoresis method (Weber & Osborn, 1969) . Roy et al. 0969) estimated by this method that the protein had a molecular weight of 24,000 to 3 I,OOO (about 2 Io to 270 residues) and, in further more detailed experiments, estimated that the protein had a molecular weight around 2o,ooo (about I75 residues). Thus the size of the protein estimated by the electrophoretic method seems to be less than that obtained by Rees et al. 097o), whose chemical analyses were the most detailed.
(ii) There have been two reports of analyses of tobacco necrosis virus protein. Uyemoto & Grogan (I969) estimated from amino acid and peptide analyses that the subunit protein contained 197 amino acid residues: FITMOL analysis of their results shows a clear minimum at 26I residues (Table 2) . By contrast, Lesnaw & Reichmann (I969) , working with an URBANA isolate of the virus, reported a quite different amino acid composition and from this, and from acrylamide gel electrophoresis experiments, estimated that it contained 3 I2 residues; a value near the clear minimum at 3oi residues obtained in a FITMOL analysis of their results. The nucleotide composition of the two virus isolates used by these authors also differed considerably and, although the strain of the virus used by Uyemoto & Grogan has been reported to be serologically related to other strains of the virus, the URSANA strain has not. DISCUSSION Ozawa & Tanaka 0968) have published a computer program which estimates the size of a protein from its composition. However, estimates provided by this program are of doubtful accuracy since the program treats the most abundant amino acid in each set of data as the ' key' amino acid and only considers proteins that contain integral numbers of residues of that amino acid; the evaluation of all possible protein sizes, as by FITMOL, seem to have definite advantages.
Whatever method of calculation is used, it is clear that the most important data for estimating the size of a protein from its composition are the amounts of the least abundant amino acids in the protein, and unfortunately these are often amino acids, such as cysteine or methionine, which are most difficult to estimate accurately.
The use of the FITMOL program to re-examine some of the data reported for plant virus proteins has shown the reasons for some of the discrepancies and contradictions illustrated by Fig. i . Many previous reports of protein size have been based on amino acid analyses alone, and this has obvious dangers. However, even with other evidence for the size of the protein, it must be interpreted with caution. Table 2 summarizes the results of FITMOL analyses reported in this paper which show, contrary to the evidence summarized in Fig. I , that there is no unequivocal example of closely related viruses having proteins in their particles that differ in size by more than a few amino acid residues.
Many of the reports re-examined relied on evidence from tryptic peptide analyses which seem to give misleading results. There are presumably several reasons for this. First it is likely that the uncertainty in estimating the number of tryptic peptides obtained from a protein increases as the number of peptides increase, and some plant virus proteins give as many as 3o tryptic peptides. Secondly, it is not clear whether only carefully cloned virus stocks were used in all studies on these virus proteins. Thirdly, trypsin does not hydrolyse all arginyl or lysyl bonds at similar rates, and some not at all (Hill, 1965) ; Offord & Harris (1965) obtained 29 tryptic peptides from the protein of tobacco-rattle virus particles but only 2o of these represented unique sequences, and they estimated that the protein contains only nine arginine and I5 lysine residues, and should therefore have given 25 peptides.
The amino acid composition of a protein will not, on its own, give an unequivocal estimate of the size of the protein, but can indicate which sizes are more probable: other independent methods of estimating the size of the protein must be used to choose between the alternatives. In the past, many have estimated the number of tryptic peptides to give the necessary independent estimate of protein size; this method can give misleading results unless every peptide is shown to be unique or unless it is used in conjunction with the method suggested by Laver 0964, I969). Electrophoresis in dodecyl sulphate-polyacrylamide gels (Weber & Osborn, I969) , may be one of the simplest ways of obtaining an independent estimate of protein size at sufficient accuracy to distinguish between the sizes suggested by a FITMOL analysis.
We are indebted to Miss J. M. Turner for technical help.
Note added in proof: It has been pointed out to us that a method similar to that described in this paper was used by Nyman & Lindskog (1964) . Biochemica et biophysica acta 85, 141. 
